The effects of extracellular matrix (ECM) proteins and cationic polymers on the adhesion and proliferation of rat islet cells, RIN-5F cells, were investigated. ECM proteins of laminin, fibronectin, vitronectin, type I collagen, type II collagen, and type IV collagen, and cationic polyelectrolytes of poly(L-lysine) and poly(allylamine) were coated on the wells of polystyrene cell culture plates. Their effects on the adhesion and proliferation of RIN-5F in serum-free and serum mediums were compared. The cell number on the laminin-coated surface was the highest among the coated surfaces. Laminin promoted cell adhesion more strongly than did the other ECM proteins and cationic polyelectrolytes. Vitronectin, type IV collagen, and poly(L-lysine) showed moderate effects, but type I collagen and type II collagen did not have any effects on adhesion and proliferation compared with the uncoated polystyrene cell culture plate. Fibronectin promoted cell adhesion but not cell proliferation. Cationic poly(allylamine) had an inhibitory effect in serum-free medium and for longterm culture in serum medium. The ECM proteins of laminin, vitronectin, and type IV collagen, and cationic poly(Llysine) will be useful for the surface modification and construction of biomaterials and scaffolds for islet cell culture and tissue engineering.
INTRODUCTION
Diabetes mellitus is one of the most prevalent and destructive diseases in the world, and affects more than 171 million individuals [1] . Islet transplantation and tissue engineering have been developed as alternatives to the more conventional treatments such as insulin administration [2, 5] . Lack of an adequate supply of islets and favorable biomaterials hinders the progress of these approaches. Development of new culture methods and cell sources such as pancreatic stem cells and differentiation methods have been tried to help solve the problem of an inadequate cell supply [6, 8] . The development of functional biomaterials to promote islet proliferation and facilitate cell adhesion and encapsulation in hydrogels or porous scaffolds is strongly anticipated [9, 11] .
A strategy to control the function of pancreatic islet cells in vitro is to use the surface chemistry by designing an optimal surface for cell culture in either two or three dimensions [12, 13] . When biomaterials and scaffolds are exposed to biological environments, extracellular matrix (ECM) proteins are non-specifically adsorbed to the surface of nearly all the biomaterials, then cells indirectly interact with the biomaterial surface through the adsorbed ECM proteins. Surface modification with various ECM proteins such as laminin, fibronectin, vitronectin, collagen, etc. has been used to mimic the in vivo microenvironment to control cell function [14, 15] . Biomaterials and scaffolds can be coated or chemically bonded with these proteins and molecules.
Besides ECM proteins, the surface properties, especially electrostatic properties, have been reported to have effects on cell functions such as adhesion, proliferation, and differentiation [16] [17] [18] [19] . Polyelectrolytes such as cationic and anionic *Address correspondence to this author at the Biomaterials Center, National Institute for Materials Science, 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan; E-mail: Guoping.CHEN@nims.go.jp polyelectrolytes have been used to modify the surfaces of biomaterials and scaffolds. Cationic poly(D-lysine) and poly(ethylene-imine) have been introduced on biomaterial surfaces to promote cell adhesion by the electrostatic attraction between the positive charge of the biomaterial surface and negatively charged cells [20] .
ECM proteins and cationic polyelectrolytes may also be used as biomaterials and scaffolds for islet cell culture. However, their effects on the adhesion and proliferation of islet cells are not clear. Therefore, in this study, several kinds of ECM proteins and cationic polyelectrolytes were coated on polystyrene cell culture plates and their effects on islet cells studied. RIN-5F cells, a secondary clone of the rat islet tumor cell line RIN-m, were used for cell culture. RIN-5F cells secrete insulin and are a model for the study of the biology of pancreatic islet cells, specifically, the mechanisms controlling the synthesis, storage, and secretion of insulin [21, 22] .
EXPERIMENTAL Materials
Laminin, fibronectin, vitronectin, polyallylamine (Mw 60,000), and poly(L-lysine) were purchased from SigmaAldrich Inc. (St. Louis, MO, USA). Bovine type I, type II, and type IV collagen acidic solutions were purchased from Koken Co., Ltd. (Tokyo, Japan). WST-1 assay was purchase from Roche Diagnostics (Indianapolis, IN, USA). Rat pancreatic -cell line, RIN-5F cells (passages 20 -26) , was purchased from ATCC (Rockville, MD, USA). RPMI 1640 medium was purchased from Dai-Nippon Corp. (Osaka, Japan). Fetal bovine serum (FBS) was purchased from Gibco-BRL (Grand Island, NY, USA). Deionized water was obtained with a Milli-Q Lab Water Filter System from Millipore Corporation (Billerica, MA, USA).
COATING OF ECM PROTEINS AND CATIONIC POLYMERS
Aqueous solutions of laminin, fibronectin, and vitronectin were reconstructed with Milli Q water at a concentration of 100 ug/mL, 100 ug/mL, and 50 ug/mL, respectively. Poly (L-lysine) and polyallylamine were dissolved in Milli Q water to prepare their aqueous solutions at a concentration of 100 ug/mL. The type I, type II, and type IV collagen were received as solutions. These were diluted with 0.001 M acetic acid to a concentration of 100 ug/mL. The aqueous solutions of these proteins and cationic polymers were sterilized by filtration with a filter having a pore size of 0.22 um and then added to the wells of 96-well polystyrene cell culture plates (20 L/well). The 96-well plates were stored at -4°C for 12 hours. The laminin-, fibronectin-, and collage-coated plates were washed three times with phosphate-buffer solution free of calcium and magnesium ions. The vitronectin-, poly(L-lysine)-, and polyallylamine-coated plates were washed with Milli Q water three times. The plates were then used for cell culture.
CELL CULTURE, CELL ADHESION, AND PROLIF-ERATION ASSAY
The RIN-5F cells were cultured in RPMI 1640 medium containing 10% fetal bovine serum, 100 U/ ml penicillin, and 100 μg/ml streptomycin. The subcultured RIN-5F cells were collected by treatment with trypsin/EDTA solution and washed once with RPMI 1640 serum-free medium. The cells were then suspended at a density of 2.0 10 5 cells/mL in RPMI 1640 serum-free medium or RPMI 1640 serum medium. The cell suspension solutions in the RPMI 1640 serum-free and serum mediums were added to each well (100 L/well) of the laminin-, fibronectin-, vitronectin-, type I collagen-, type II collagen-, type IV collagen-, poly(Llysine)-, and polyallylamine-coated plates and an uncoated polystyrene cell culture plate (control). The cells were cultured in the plates in an incubator under an atmosphere of 5% CO 2 at 37°C. After culture for 8 hours, their morphology was observed by a phase contrast microscope.
Cell adhesion and proliferation were measured using the WST-1 assay. This is a colorimetric assay for the quantification of cell viability and proliferation that is based on the cleavage of a tetrazolium salt (WST-1) by mitochondrial dehydrogenases in viable cells. Increased enzyme activity leads to an increase in the amount of formazan dye, which is measured with a spectrophotometer. After the cells were cultured in the wells of the coated and control plates in serum-free medium for 4 hours and in serum medium for 30 minutes, and 24 and 48 hours, the culture medium was aspirated and 100 L of RPMI 1640 serum medium was added along with 10 L of Cell Proliferation Reagent WST-1. For all time points, a standard curve was developed by plating 
RESULTS
The RIN-5F cells were cultured on the coated and control surfaces in serum-free medium for 8 hours, and their morphology was observed by a phase-contrast microscope. The cells spread well on the laminin-coated surface and slightly on the fibronectin-coated surface. No obvious spread was observed on the vitronectin-, type I collagen-, type II collagen-, type IV collagen-, poly(L-lysine)-, poly(allylamine)-coated and control surfaces (Fig. 1) . The cells remained separated on the laminin-, fibronectin-, vitronectin-, poly(Llysine)-, poly(allylamine)-coated and control surfaces, but some of the cells on the type I collagen-, type II collagen-, and type IV collagen-coated surfaces aggregated. When cultured in serum medium for 8 hours, cell spread was observed only on the laminin-coated surface. The cells did not spread on the other surfaces (Fig. 2) . The cells on the laminin-, poly(L-lysine)-, and poly(allylamine)-coated surfaces were separate. However, some of the cells aggregated on the fibronectin-, vitronectin-, type I collagen-, type II collagen-, type IV collagen-coated and control surfaces. The spread morphology of the cells on the laminin-coated surface in serum-free and serum mediums was similar. The round morphology of the cells on the poly(L-lysine)-and poly(allylamine)-coated surfaces in serum-free and serum mediums was also similar. Cell aggregation was more evident in serum medium than in serum-free medium. Cell adhesion on the coated and control surfaces in serum-free medium was measured after 4 hours culture (Fig.  3) . The cells adhered to the coated surfaces in the order: laminin-> poly(L-lysine)-> vitronectin-> type IV collagen-> fibronectin-> control, > type I collagen-> type II collagen-> poly(allylamine). The laminin-coated surface promoted the adhesion of RIN-5F cells most extensively. The positively charged poly(L-lysine)-coated surface also showed a high promotive effect on cell adhesion. The vitronectin-, type IV collagen-, and fibronectin-coated surfaces showed moderate effects. The type I collagen-coated surface had the same effect as that of the uncoated control surface. The type II collagen-coated surface showed a lower adhesion effect than that of the control surface. Almost no cells adhered to the poly(allylamine)-coated surface. The poly(allylamine)-coated surface suppressed the adhesion of the RIN-5F cells in serum-free medium.
Fig. (2). Phase-contrast micrographs of RIN-5F cells cultured on laminin-(a), fibronectin-(b), vitronectin-(c), type I collagen-(d), type II collagen-(e), type IV collagen-(f), poly(L-lysine)-(g), poly(allylamine)-coated (h)
, and polystyrene cell culture plate (control) (i) surfaces in serum medium for 8 hours.
Fig. (3). Adhesion of RIN-5F cells to laminin-(a), fibronectin-(b), vitronectin-(c), type I collagen-(d), type II collagen-(e), type IV collagen-(f), poly(L-lysine)-(g), poly(allylamine)-coated (h)
, and polystyrene cell culture plate (control) (i) surfaces after culture in serum-free medium for 4 hours. Data represent the average ± SD of 3 samples.
The adhesion and proliferation of RIN-5F cells on the coated and control surfaces in serum medium were measured after culturing the RIN-5F cells on these surfaces for 30 minutes, 24 hours, and 48 hours (Fig. 4) . The cell number on the laminin-coated surface was the highest at all the three time points. The RIN-5F cells adhered quickly and their number increased with culture time on the laminin-coated surface. The poly(L-lysine)-and poly(allylamine)-coated surfaces promoted cell adhesion after culture for 30 minutes in serum medium. The cell number on the poly(L-lysine)-coated surface increased with culture time while cell proliferation on poly(allylamine)-coated surface was suppressed. The type IV collagen-coated surface also promoted cell adhesion and proliferation. Cell adhesion on the vitronectincoated surface was at the same level of those on the type I collagen-, type II collagen-, and control surfaces, but cell proliferation on the vitronectin-coated surface was greater than on those surfaces. Cell adhesion and proliferation on type I collagen-, type II collagen-, and fibronectin-coated surfaces were similar. 
DISCUSSION
ECM proteins of laminin, fibronectin, vitronectin, type I collagen, type II collagen, type IV collagen, and cationic polyelectrolytes of poly(L-lysine) and poly(allylamine) were coated on the surfaces of polystyrene cell culture plates. Their effects on the adhesion and proliferation of RIN-5F in serum-free and serum mediums were compared. The cell behaviors were dependent on not only the coated surfaces, but also on the culture conditions. The laminin-coated surface promoted cell spread in both serum-free and serum mediums. The fibronectin-coated surface showed some effect on cell spread, but only in serum-free medium. Surfaces coated with other molecules and the control surface did not support cell spread either in the serum-free or serum medium. The cells on laminin-, poly(L-lysine)-, and poly (allylamine)-coated surfaces remained separate in both the serum-free and serum mediums. The cells on the type I collagen-, type II collagen-, and type IV collagen-coated surfaces aggregated in both the serum-free and serum mediums. However, the cells on the fibronectin-and vitronectin-coated surfaces remained separate in serum-free medium, but aggregated in serum. These results indicate the strong interaction between the RIN-5F cells and the laminin-and cationic polymer-coated surfaces. The laminin-coated surface had the highest cell number. The type IV collagen-, vitronectin-, and poly(L-lysine)-coated surfaces showed moderate effects. The fibronectincoated surface promoted cell adhesion, but cell numer on this surface was low. The type I collagen-and type II collagencoated surfaces showed slight effects on cell adhesion and proliferation in comparison to that of the uncoated control surface. The poly(allylamine)-coated surface promoted cell adhesion in serum medium, but suppressed cell adhesion and cell proliferation in serum-free medium.
Extracellular matrix proteins interact with cells and control cell functions through their binding to integrins, a widely expressed family of cell surface receptors [16, 23] . Laminin, fibronectin, vitronectin, and collagen have been used for surface modification of biomaterials and scaffolds for cell culture of various kinds of cells. Grinnell and Feld demonstrated that fibronectin adsorbed onto tissue culture polystyrene supports greater rates of cell spreading than does bacterial polystyrene [24, 25] . It has also been reported that fibronectin, laminin, and collagen type I interact with the integrins on the surfaces of Schwann cells and support Schwann cell attachment and proliferation [26, 27] . The components of serum may also affect cell function through adsorption to the cell culture substrate or direct interaction with the cells. Serum-free culture might prevent the influence of the serum component. The serum had no influence on a laminin-coated surface, but did have some on other coated surfaces. The cells on other ECM protein-coated surfaces aggregated more easily in serum medium. This might be caused by the adsorption of adhesion-inhibitory factors on these surfaces or the reduction of the number of integrins, as some of the receptors were bound to the serum components. Laminin and type IV collagen are the main components of pancreatic islet basement membrane, which may partially explain the strong effects of these two ECM proteins.
Cationic polymers have been used for surface modification because of their electrostatic interaction with negatively charged cells. The positively charged polyelectrolytes, poly(D-lysine) and poly(ethylene-imine), have been reported to enable attachment of negatively charged Schwann cells [20] . The positively charged poly(L-lysine)-and poly(allylamine)-coated surfaces in this study also showed strong interaction with pancreatic cells. The poly(L-lysine)-coated surface promoted cell adhesion and proliferation both in serum-free and serum mediums. The poly(allylamine)-coated surface did promote cell adhesion in serum medium for a short period. However, its inhibitory effect in serum-free medium and in serum medium for a long period was evident. The cells did not spread on the cationic polymer-coated surfaces. This result coincides with other reports that the attachment of primary rat marrow stromal cells to a positively charged surface in serum medium was enhanced, but their ability to spread was suppressed. These results indicate that while the cationic poly(L-lysine) could promote cell adhesion and proliferation, poly(allylamine) might be toxic to the RIN-5F cells. The effects of ECM proteins and cationic polyelectrolytes on adhesion and proliferation of RIN-5F cells are elucidated in this study. Their effects on insulin secretion of RIN-5F cells will be investigated in next study.
CONCLUSIONS
Development of functional biomaterials to control the function of islet cells is strongly anticipated for islet transplantation and tissue engineering. ECM proteins of laminin, fibronectin, vitronectin, type I collagen, type II collagen, and type IV collagen, and cationic polyelectrolytes of poly(Llysine) and poly(allylamine) were coated on polystyrene cell culture plates and their effects on rat islet cells, RIN-5F cells, were compared. Laminin showed more promotive effect on the adhesion of RIN-5F cells than did that of other ECM proteins and cationic polyelectrolytes. Cell number was the highest on lamini-coated surface. Vitronectin, type IV collagen, and poly(L-lysine) showed moderate effects, but type I collagen and type II collagen showed no effects in comparison with an uncoated polystyrene cell culture plate. Fibronectin promoted cell adhesion, but not cell proliferation. Cationic poly(allylamine) had some inhibitory effects on RIN-5F cells. The ECM proteins of laminin, vitronectin, type IV collagen, and cationic poly(L-lysine) can be considered candidate biomaterials for islet cell culture and tissue engineering.
